The dislocation distribution of high-quality single-crystal gallium nitride~GaN! films grown by the hybrid vapor phase epitaxy was analyzed. This study examined the domain structure of GaN from the dislocation distribution on the macroscale by optical microscopy. The surface structure of GaN consisted of domains with microcolumns as the substructure. The inner domains contained a lower density of dislocations but a large number of these dislocations were observed along the domain boundaries. The existence of a domain boundary structure doubly increased the total dislocation density.
INTRODUCTION
Gallium nitride~GaN!-based devices, which are highly defective unlike other III-V semiconductor, show singlecrystal quality in the optical performance. A dislocation density of ;10 9 /cm 2 in GaN-based light-emitting diodes LEDs! does not lead to a pronounced decrease in lifetimẽ Nakamura et al., 1995!. In wurtzite GaN, common threading screw and threading edge dislocations are electrically inactive~Elsner et al., 1997!. Nevertheless, the demands for obtaining high-quality devices, such as laser diodes or boosting the output to produce high-power LEDs require a better understanding of dislocations in GaN.
In addition to the dislocation density, addressing its distribution is important because the GaN substrates used for optical devices are produced by film deposition methods. Practical quasi-single-crystalline GaN are obtained hetero-epitaxially on a single crystal, such as sapphire or 6H-SiC through molecular organometallic vapor phase epitaxy or hybrid vapor phase epitaxy~HVPE; Amano et al., 1986; Detchprohm et al., 1992; Paisley & Davis, 1993!. Such GaN films are composed of microcolumns aligned to a certain orientation related to the hetero-epitaxial substrate. This makes them almost parallel, and small misorientations between the microcolumns are accommodated by dislocations leading to their coalescence~Qian et al., 1995; Ning et al., 1996 !. The majority of threading dislocations have been reported to be subsequently generated at the coalescence of the microcolumns~Wu et al., 1998!. This suggests that these dislocations lay along the coalescence boundary of the microcolumn. Our study focused on the spatial distribution of dislocations in high-quality GaN, and went further to confirm that the micrograins form clusters of high crystalline quality. This was achieved by a macroscopic observation of the GaN surface with intentional oxidizing on dislocation sites.
MATERIALS AND METHODS
Two low dislocation density GaN substrates were provided by Samsung Corning Precision Materials Ltd. Both were grown on a single-crystal~0001! a-sapphire substrate to more than 200 mm in thickness by a HVPE method under the same growth conditions except for the final cooling stage. The growth for such low dislocation density GaN in HVPE can be referred to Andre et al.~2007!. One was grown normally by end~hereinafter referred to as "normal GaN"!. The other was oxidized at the end of the growth stage. A very small amount of air was allowed to flow into the furnace at the cooling stage from the growth temperature~;9008C! to room temperature~hereinafter referred to as "oxidized GaN"!. This was proposed to cause severe oxidation of the area where dislocations are located. Subsequently, a piece of oxidized GaN was placed in P 2 O 5 at 1908C for 10 min to remove the oxide layer~hereinafter referred to as "etched GaN"!. The effect was similar to that of the etching methods resulting in the formation of etch pits at the dislocation sites by the SiH 4 treatment in the presence of NH 3~O liver et al., 2006b!. Oxidation at the high temperature applied in the present study produced large pits that were observable by optical microscopy.
Optical microscopy and transmission electron microscopy~TEM, Tecnai F20st, FEI! operating at 200 kV equipped with a field-emission gun were used for the macroscopic and microscopic observations of the microstructure, respectively. The elemental composition was measured by energydispersive spectrometry~EDS!. Plan-view and cross-sectional TEM specimens were prepared by a conventional technique involving mechanical polishing followed by ion beam milling. To characterize the dislocation, the GaN samples were examined by WBDF with diffraction spots g 1 ϭ 002 and g 2 ϭ 1-10 under two-beam conditions using a 3g diffraction spot, following the invisible criterion of g{b ϭ 0, where g is the reciprocal lattice vector and b is Burger's vector~Wil-liams & Carter, 1996!. The dislocation density was measured on plan-view specimens, which were observed with an 188 specimen tilt from g ϭ 001 to the direction of g ϭ 110, allowing for observation of the dislocation characteristics~Follstaedt et al., 2003!.
RESULTS AND DISCUSSION
The morphology of the GaN surface was roughened by the existence of domains. In optical microscopy observations, the "normal," "oxidized," and "etched GaN" showed similar surface structures that consisted of a pyramidal-shaped domain~Domain! in the radius ranging from the tens to mostly more than hundreds of micrometers as shown in Figure 1a . According to the results of the cross-sectional~see . They were then removed by phosphoric acid, which left pits on the surface~the "etched GaN"!. Dislocations were observed below every pit with the types of edge, mixed, and rarely screw using WBDF. The pit density~number per area! in the "etched GaN" was 9.9 ϫ 10 6 /cm 2 according to the recorded optical micrographs. The dislocation density measured on the surface of normal GaN by TEM was 9.1 ϫ 10 6 /cm 2 . A slightly lower dislocation density than the pit density was observed, and the difference is within the known TEM measurement error of 10% Follstaedt et al., 2003 !. Briefly, the pits are considered to be the sites of dislocation, making a visible dislocation distribution on the optical microscopic scale.
In contrast to the GaN used in the published reports on the coalescence boundary, the present GaN had a low defect density~;10 7 /cm 2 ! and showed an as-deposited domain structure with typical hexagonal stripes on the surface. The stripes will be the tangential lines between the plane $112% or $110% with respect to the growth conditions~Hiramatsu et al., 1999; their characterization will not be reported here!. The straight hexagonal stripes imply that the individual domains are single-crystals despite the significant number of dislocations accommodating the near-parallel misorientation of the constituent microcolumns. In "etched GaN," pits are distributed discretely over the inner domain area~Figs. 2a, 2b!. The mean inter-distance of the dislocation measured in the inner domain area was ;4.9 mm. From the assumption that a domain maintains a rather high quality of local single crystalline structure, the randomly oriented constituent microcolumns are believed to be accommodated by the inconsistent sign of the dislocation. As the present GaN has a low disloca- tion density, applying the equation, tan~Du! Ϸ Du ϭ b/D, to the approximated misorientation between the microcolumn gives almost 08, where Du is the angle between the microcolumn in c-axial rotation, D is the dislocation's inter-distance, and b is Burger's vector corresponding to the dislocation type~Ning et al., 1996!. The inter-distance of the dislocation will be better for representing the degree of misoriention.
Misorientation became larger at the domain boundary. Boundaries crowded by high-density dislocations were observed in the present GaN, as shown in Figure 2c . These boundaries are distinguished from the dislocation distribution of the inner area, and are rather close to the low-angle grain boundary which is an array of line defects superimposed on a singular configuration~Pond, 1995!. By comparing the dislocation density of the inner domain~4.2 ϫ 10 6 /cm 2 !, the existence of domain boundaries increased the entire dislocation density by almost twice~9.1 ϫ 10 6 /cm 2 !. The mean inter-distance of the dislocation was measured ;2.7 mm along the boundary.
Even though the origin is unclear, dislocation arrays often observed in GaN films have been regarded as coalescence boundaries~Qian et al., 1995; Ning et al., 1996!. Arrays of dislocations were used to form a low-angle grain boundary. However, recent reports on the characterization of the coalescence boundary in the GaN film conversely suggest that they are not due to the coalescence. The alignment of dislocations was adopted in the system for the purpose of relieving the internal strain, which was derived from the result of continuum elastic calculation by Gmeinwieser and Schwarz~2007!. This was confirmed by atomic force microscopy of the partially coalesced GaN, where no dislocations were generated at the region where two micrograins coalesced~Oliver et al., 2006a!. The arrays of dislocations were observed in the inner grain and laid across the apparent boundary. In such cases, the initial misorientation between the grains should be accommodated by a slight distortion of the lattice~Moram et al., 2009!. The dislocation array examined in previous reports was limited from several to 20 individual dislocations.
The similarly distributed~equally spaced with small number! dislocation arrays were found in the inner domain area of the present specimen, as indicated by arrows in Figure 2b . Previous reports~Oliver et al., 2006a; Gmeinwieser & Schwarz, 2007; Moram et al., 2009 ! appear to describe the dislocation distribution of the inner domain, or the difference from ours would be derived from different growth conditions with respect to the growth anisotropy realized by the manufacturers~Hiramatsu et al., 1999!. In contrast, domain boundaries with more than one hundred dislocations were found frequently in the present GaN. These dislocations would be a mixture of them originating from the inner domain and the misorientation between domains. Removing the contribution of dislocations to the inner domain gives an ;6.04 mm inter-dislocation distance as a very small misorientation between domains in the case of Figure 2a . However, the real misorientation will deviate largely because it is not certain that the dislocation has a consistent sign of the Burgers vector like a typical low-angle grain boundary.
Consequently, the clustering of microcolumns results in a domain structure. Even if it is unclear whether the boundaries originated from the coalescence between domains or it was adopted for lowering energy by rearranging dislocations during growth, the clustering of microcolumn seems to produce locally high-quality GaN crystal. In this sense, the domain boundary is comparable to the wing boundary appearing in the lateral overgrowth method~Ro-manov et al., 2003!.
SUMMARY
This study examined the surface of high-quality GaN films grown by HVPE, and a domain structure consisting of microcolumns was found in the substructure. The pile-up of dislocations along the domain boundary highly increased the entire dislocation density. Coupled to the device, the domain boundary will provide high density of dislocations resulting in performance failure. This suggests that the domain boundary needs to be avoided because it provides a dominant failure source when it runs through the active area in devices. Information on the domain boundary structure can be used to qualify the GaN substrates in relation to the dislocation density.
